The 'X+(0+) and 32-(0+) Rydberg states as well as the V'Z'(O+) valence state of hydrogen chloride isotopomers are studied using (2 + 1) resonance enhanced multiphoton ionization (REMPI) and time-of-flight mass spectrometry (TOFMS). Pulsed supersonic expansion provides suflicient rotational cooling to facilitate rotational analysis. Polarization selection in conjunction with fragment and isotope discrimination provide the first unambiguous identification of all vibrational bands from u' = 3 to 32 of the V 'X+ (0' ) state. REMPI excitation spectra from the U" = 0 level of the X '2+ (O+ ) state through vibrational levels of the broad Y 'X+ (O+ ) state suggest non-Franck-Condon transitions. Perturbations in intensity, line position, and rotational constants are consistent with the near-adiabatic nature of the short-range B '8' (Of) Rydberg state and long-range V'X+ (O+)state. Evidence for Rydberg -valence interaction and repulsive superexcited states is provided by the detection of strong H+ and Cl+ ion yields. The onset of a distinct Cl+ channel is detected for the first time and confirms the presence of at least two dissociation pathways at the three-photon energy and at large internuclear distance.
I. INTRODUCTION
The study of strong coupling between electronic and nuclear degrees of freedom in highly excited electronic states is important to our understanding of molecular dynamic processes such as multiphoton ionization and dissociation. ' In the case of resonant multiphoton excitation, the selection of intermediate states of known symmetry and angular momentum governs the opening of a variety of competitive product channels. ' The resonant states participating in these pathways include Rydberg states and valence electron excited states as well as multiply excited valence electron and ion-pair states. In the energy region near and above the first ionization threshold and over a wide range of internuclear distances, there is a high density of excited states which are susceptible to autoionization, predissociation, and nonadiabatic transitions.2 The diversity of states and dynamic mechanisms which can be sampled via multiphoton electronic transitions thus represent a formidable theoretical and experimental challenge.
High resolution spectroscopic techniques, especially those coupled with mass discrimination, are well suited to the investigation of state selected resonant pathways and the energy and angular momentum distributions of the neutral and charged species. Interesting examples of multichannel electronic transitions include those where Rydberg -valence interactions exist between the resonant excited states of simple diatomic molecules2*' In order to determine the extent and consequences of homogeneous vibronic interaction, local rotational perturbation, and dissociation, experimental studies benefit from the enriched selection rules and ') Current address: Department of Chemistry, Stanford University, Stanford, CA 94305.
sensitivity available from resonance enhanced multiphoton ionization (REMPI) .4 Among the most extensively investigated systems which exhibit these perturbations and the competition between ionization and dissociation are H, ,5-1o 02," N2,12 C12,13 N0, Through judicious choice of perturbed resonant states, it has been demonstrated that multiphoton transition schemes provide access to new potential curves and lead to novel fragment and ion product channels. Excitation through Rydberg, valence and/or ion-pair states can be used to probe superexcited states which are generally defined as molecular states whose energy is greater than the first (i.e., lowest) ionization potential."21~2"3' At such high energies, the superexcited states can be associated with dissociation and predissociation as well as electronic and vibrational autoionization. It is the purpose of this paper to investigate the nature of two-photon resonant states and propose several ionization and dissociation mechanisms at the three-photon energy. The system of choice is the hydrogen chloride molecule for which the electronic spectroscopy has been well studied. '9*22-25t3243 We are aided by empirical arguments and accurate quantum chemical calculations that predict the form of potential energy curves for the ground, Rydberg, and valence states.4449 Hydrogen chloride is a prototype for testing simple theoretical formalisms used to evaluate Rydberg level structure and coupling cases.50'5' REMPI measurements also complement previous experimental and theoretical studies of the ion states and autoionization processes.2&31*5262
We have recently reported the results of a comprehensive two-photon resonant, three-photon ionization [ (2 + 1) REMPI] investigation of hydrogen chloride.22-25 These experiments span the two-photon energy region from 77 000 to 96 000 cm -' and have been successful in extending the level 'II(l) %10(0+) "n,(l) 'A(2) "a,(l) "A,(2) 'AS(~) structure, configuration description, and state assignments V 'Z+ (O+) state has an equilibrium internuclear distance for over 120 band systems (see Fig. 1 ) . Excitation through significantly greater than that of the 2LI-core Rydberg states. the (211i-core) 'X+(0+) and 32-(O+ ) Rydberg states reThroughout the excited state manifold, the V 'Zf (O+ ) is veals spectral evidence for strong rovibronic perturbations the only bound non-Rydberg state and thus the lone longfrom the V 'Z+ (O+ ) valence/ion-pair state.'*-" The range perturber (see Fig. 2 ). Pronounced irregularities in the vibrational intervals and rotational constants extending from u' = 3 to 32 of the V 'X+ (O+ ) state are consistent with perturbation by Rydberg state levels (see Fig. 3 and Table  I ). The widespread occurrence and varying strengths of the Rydberg -valence interaction may be rationalized by invoking avoided crossings between diabatic states to yield distorted adiabatic potential curves. 1-3*21*23*4W9 Additional complications arise from the spin-orbit mixing between singlet and triplet states of the same I Rydberg complex.2*25*32 The latter implies that perturbations by the V 'Z+ (Of) Rydberg state will influence the 3110 (0 + ) and 32 -(0 + ) Rydberg states. For many of these so-called Rydberg states, this means that the measured rotational constants and vibrational spacings deviate significantly from those of the ion ground sme x 2n3/2.1/2.
One such state that has received considerable attention is the (211,,2 ) E 'LX+ (Of) state.'8-2s*36-42 Vibrational levels of this state are spaced erratically, isotope shifts suggest vibrational numberings higher than expected, and rotational constants are anomalously small. In an adiabatic representation, the E 'Z+ (O+ ) Rydberg configuration is the leading contribution to the inner well of a doubleminimum potential (Fig. 2) .45d9
In the present paper, we examine the results of using (2 + 1) REMPI combined with time-of-flight-mass spectrometry (TOFMS) and pulsed supersonic free jet expansions to measure excitation spectra through the rotational levels of '2+ (O+ ) and 32 -( 1,O + ) states of hydrogen chloride. Our work places considerable emphasis on the perturbed spectroscopy of the resonant states and the dissociation products of superexcited states. Irregularities in the excitation spectra reflect a sensitivity to the internuclear distance R dependence of the electronic transition moment and the configurational changes in the electronic wave function of the resonant states. From thorough studies of the energy level structure within Rydberg complexes, we can also infer where the electronic parts of the spin-orbit interactions and quantum defect show strong dependence on R. Using a systematic study of the long-range Y '2+ (O+ ) state vibrational levels enables us to follow changes in the Rydberg -valence interactions across 17 000 cm -' of the excited state manifold. These trends appear as spectral perturbations along the vibrational progression and are manifested as energy shifts, isotope effects, and irregular rotational branch structure (see Fig. 3 ) . '9,21824,25 .36*37 Furthermore, the expected large variation of the transition moment with R causes interesting photoionization dynamics. Specifically, ionization mediated by the V 'Z+ (0') levels is used to access superexcited states at the three-photon energy.2G25 Decay processes in the longrange and high energy regimes are dominated by distinct dissociation or predissociation channels as evidenced by an abundance of both Hf and Cl+ fragment ion yields.2&25,*8- 3' M ec h anisms for electronic transitions suggest that multiphoton pathways through Rydberg series can be regarded as the discrete portion of a molecular photoionization channel. Transitions through successive vibrational valence state levels and Rydberg -valence levels represent discrete parts of molecular photodissociation channels.
A. Previous experimental observations and theoretical considerations
The X 'Z+ (O+ ) ground state configuration of hydrogen chloride, at its equilibrium conformation (R f = 1.275 A), is of the form (la)2(2# (3a)2(1~)4(4a)2(5a)2(2~)4ormoregenerally...~~4.The single-configuration molecular Rydberg states are described by a product, between the vibronic wave function of the ion core and the wave function of the Rydberg electron, of the form ( * . .dd) nU. The state is labeled by I = 0, 1, or 2 for an s, p, or d Rydberg electron, respectively, and by /z = 1, I -l,..., 0 which implies that R. = 0, 1, or 2 for the u, P, or 6 orbitals, respectively. Since the Rydberg electron is not a strong perturbation on the core molecular orbitals and does not contribute to bonding, then the Rydberg state potential curves should mimic the X2& ion state (R : = 1.32 A, 0,' 2: 2674 cm -' ) .32 In contrast, transi- tions from the ground state bonding orbital which involve electron promotion to an antibonding valence orbital, i.e., a* +a, result in the broad V '2+ (O+ ) state and repulsive t 32 + ( 1,O -) states.44 The equilibrium internuclear distanceofthe V'Z'(O+) state (R :-2.51 AL) issignificantly larger than that of the Rydberg states, and the vibrational constant (w: = 870 cm -' ) is much smaller.23-25~32~33~40~41
The noncrossing rule between states of the same symmetry assures that the near-adiabatic nature of the E '2' (O+ ) and V 'Zf (Of ) states gives rise to a low-lying double-minimum potential, which is commonly denoted as the B '8+(0+) or 2 'X+(0+) state. [45] [46] [47] [48] [49] Emission from the adiabatic B IX+ (O+ ) state can be separated into contributions from an inner Rydberg well and an outer valence we11.'8~38 These observations have been compared with theoretical efforts to model the interactions and to calculate potential energy curves which are consistent with mixed configuration states.45A9
The work of Hirst and Guest,45 using ab initio methods based on self-consistent field (SCF) and configuration interaction (CI) calculations, was the first attempt at describing the double-minimum B IX+ (0' ) potential curve. Peyerimhoff and co-workers et a1.46v47 as well as Stevens and Krauss4' have expanded on the earlier treatment by employing ab initio calculations which invoke multiple configuration SCF and CI with greater emphasis placed on the change in composition of 'I: and 38 configurations with R. Similarly, van Dishoeck et aZ.49 used various ab initio methods to derive potential curves to characterize photodissociation cross sections and transition moments which change as a function of R. The B 'Z + state at R ' = 1.275 b; has the leading configuration . ..(4a)*(5~)*(2~) '(3~) '. at R'~l.719 A this changes to ~~~(4~)~(5~)'(6~)~(2p))(3~)~, and around R ' = 2.116 A the dominant configuration changes to -* * (40) * ( 5~) * (2~)~. Similarly, the ground state X '2+ (O+ ) description evolves from the equilibrium configuration ...(4a)2(50)2(2rr)4 to ..-(4a)*(5a)' (6~) ' (2~)~ around R ' = 2.116 A. Efforts have also been made to incorporate the contributions from charge transfer or ion-pair character. The existence of a 'I: + ion-pair state which dissociates to H + + Cl-( 3p6, 'S) in the asymptotic limit further complicates the description of ground and excited 'Z + states.47^ '9 .53 The X 'X+ (Of) potential has significant admixture of ionic character at small R " and covalent contributions dominating at larger distance. In the case of the B IX+ (O+ ) state, covalent character dominates at small and intermediate R ', but becomes increasingly ionic toward dissociation. The homogeneous interactions between the 'Z f (O+ ) Rydberg and valence/ion-pair states also influences the electronic transition dipole moments. The transition moment connecting the X *2+ (O+) with the B '2' (O+ ) is expected to be very small in the Fran&-&n-don region of the ground state. However, at large distances, the transition moment increases, peaking in the vicinity of avoided crossing between the lower and upper 'B + states. 49 Greening 5o has presented a united-atom treatment for 'Iii-core Rydberg state species and investigated the level structure of hydrogen chloride, specifically states having the (. * *dd)npn and ( * ** o?)ndn configurations.51 In this formalism, the potential curves near the equilibrium internuclear distance are treated in terms of the Ar united-atom, where the energy level structure is perturbed by the axial symmetry of the diatomic. Ideal ( A,S) coupling is used to define a zero-order basis set, while spin-orbit interaction between these expressions provides an extension toward the (&,a) coupling scheme. Deviations from the predicted singlet and triplet splittings have subsequently been used to identify vibronic interactions and Rydberg -valence energy perturbations. [22] [23] [24] [25] High resolution absorption and emission studies have resulted in successful analysis over a small portion of the Y '2"' (O+ ) state. Jacques and Barrow33 observed V'X'(O')-X*8+(0+) emissionfromonlythefourlowest vibrational levels of the valence state and reported the rotational and vibrational constants. Douglas and Greening36 observed emission from the U' = 3, 4, and 5 levels as well as absorption to the U' = 6, . . . . 21,24, and 26 vibrational levels. Most recently, Coxon et aZ.40*41 reported a high resolution rotational analysis for the emission from u' = 0 through 6 levels of the V '2+ (O+ ) state. This narrow range of data was then used to compare a first-order RydbergKlein-Rees (RKR) potential with a novel least-squares fitting procedure for the lower portion of the V'Z+ (O+ ) state.4' Common to all these reports is the important contribution of perturbations to rotational and vibrational constants, as well as to the relative positions, shapes, and intensities of the spectral lines.
Our work complements the measurement of one-photon vacuum ultraviolet (VW) photoabsorption cross sections into the energy region lying above the lowest ionization potential. These efforts include obtaining the photodissociation and photoionization cross sections from the visible and VW fluorescence excitation spectra of the fragments.29* 3'*38 Experiments in this high energy region are also prompted by the results of multichannel quantum defect theory (MQDT) treatments of autoionization and predissociation that predict the contribution of dissociative superexcited states to direct photoionization. 1*30*61 By using multiphoton ionization, we take advantage of the perturbations which exist among the intermediate resonant levels in order to access different dynamic channels. Such resonant interactions are detected as irregularities in both REMPI excitation and REMPI photoelectron spectra. Experiments by Spiglanin et al." were the first to demonstrate that (2 + 1) REMPI through the U' = 0 levels of the E 'Zf (O+ ) and g 32 -(0 + ) Rydberg states follows both direct and indirect photoionization. Excitation of a Rydberg electron represents the direct pathway because ejection of the electron leads to the formation of the ground state molecular ion. For pure Rydberg states, the neutral and ion potentials have nearly the same geometry and there is a strong Au = 0 transition propensity.** However, when the V 'Z+ (Of ) state is the resonant intermediate, the ionization path becomes more complicated since the formation of ground state HCl + now requires a two-electron transfer. In fact, ejection of an excited electron from the V 'X+ (O+ ) state should produce the first excited state of HCI + rather than the ground state. To clarify this situation, it is useful to view the (2 + 1) REMPI scheme as an accidental double-resonance experiment, where the third photon accesses not only the ion state, but also superexcited neutral states.'a25 The present work is thus augmented by the (2 + 1) REMPI photoelectron spectroscopy (PES) published recently by de Beer et al.*l The analysis of such photoelectron spectra usually yields the mixing coefficients needed to describe any combination of Rydberg -Rydberg and Rydberg -valence states of different electronic and vibrational configurations. Photoelectron studies are especially sensitive to the perturbations causing departures from Uconserving transitions. Hence, the rigorous interpretation of PES data, including the identification of appropriate angular momentum and energy quantum numbers for the resonant and final ion states, promises a near complete description of the ionization mechanisms. De Beer et al.*' used kineticenergy-resolved electron measurements to probe internal states of the product ions and the multiphoton ion/fragment branching ratios. One-photon ionization from the B 'X-l-(O+ ) state to the ground state HCl + is expected to be dominated by the indirect photoionization process. This is supported by the PES spectra which exhibit complicated vibrational distributions and is consistent with the third photon being in resonance with superexcited states. Decay from the repulsive superexcited states is attributed to a competition between electronic autoionization and predissociation. High energy dissociation followed by ionization of the excited atom accounts for the simultaneous detection of fragments H + and Cl + with the molecular ion yield.*@*'
II. EXPERIMENT
The (2 + 1) REMPI experiment was performed with a system consisting essentially of an ionizing laser source and vacuum chamber which houses a pulsed valve and time-offlight mass spectrometer. 25 A digital delay/pulse generator (Stanford Research Systems DG 535), operated at a linelocked 10 Hz repetition rate, was used to synchronize the laser, pulsed valve sequence, and time-of-flight ion signal processing. Output from a XeCl excimer pumped dye laser (Lumonics 860-T and HyperDYE-300) provided pulse widths of -5 ns of 6-12 mJ/pulse average energy and approximately 0.1 cm -i linewidth at the dye fundamental w. Coumarin 500,480,460,450, and 440 dyes as well as stilbene 420 dye (Exciton) were required to cover the frequency range of interest. The linearly polarized excitation source at 2w was obtained by frequency doubling in a crystal of @-barium borate ( 10% conversion efficiency). Computer controlled and custom-designed autotracking of the doubling crystal-compensator assembly and dye laser grating assured doubled-laser power which followed the dye gain curve and no detectable beam walkoff with changing wavelength. Any residual fundamental radiation was minimized along the beam path prior to entering the source chamber by using dielectric mirrors. By inserting a Babinet-Soleil compensator (Karl Lambrecht BSO-13-l ) into the linearly polarized beam and adjusting to provide either 0-or l/4-wave retardation, the excitation source was selected to be either linearly or circularly polarized, respectively. This beam was focused with a 40 cm lens into the vacuum chamber. For experiments using linearly polarized light exclusively, the entrance window was positioned at to reduce reflection. In polarization studies that alternated between linear and circular polarization, the entrance window was positioned in the plane perpendicular to the optical path.*' tube. A three-stage microchannel plate photomultiplier tube (ITT Components, Z-MCP PMT) was used for the detection of positive ions.
Output from the ion detector entered a preamplifier (PRA 1763 ) and was monitored on a digital oscilloscope ( LeCroy 9400). The signals from isotopically selected molecular and/or fragment ions were collected and processed by separate gated integrators (Stanford Research Systems SRS250). Typically, these signals were averaged over ten laser shots, read by an A/D converter and finally stored on computer (IBM PC).
The majority of spectral peaks have linewidth -0.2 cm-' full-width-at-half-maximum (FWHM) which is somewhat larger, but comparable to the laser linewidth. At high laser intensity, transitions with large absorption cross sections are subject to saturation as evidenced by broadened spectral lines. Large ionization cross sections imposed an asymmetric distortion due to irregularities in the velocity distribution of the collected ions from space-charge effects. Careful control of the laser power and gas pulse intensity readily eliminated or controlled such additional complications.
The first section of the vacuum chamber was the source region containing the pulsed valve (National Research Corp. BVlOO) and 10 cm diameter stainless steel repeller grid for the time-of-flight mass spectrometer. The pulsed valve orifice was fitted with a delrin flange holding a 2 cm long and 690 pm inner diameter stainless steel needle. A mixture of 10% HCl in He (Cryogenic Rare Gases, 99.9% pure with natural isotopic abundance) was expanded through the needle at a backing pressure of 0.5-30 psi. The laser beam focus was positioned about ten nozzle diameters downstream and crossed the gas jet perpendicular to the flow axis. The needle assembly afforded close access to the ionization region with a minimal distortion of the electric field gradient of the mass spectrometer.25 This ionization region was centered midway between the repeller plate (nominally at + 1500 V) and the TOF housing (at about -1500 V). The separation between repeller and accelerator grids provided a gradient of 750 V cm-'. These voltages were adjusted for maximum photoion signal and mass resolution with no detected electric-field-induced ionization.25 The ions were accelerated towards a 5 mm diameter aperture in the TOF flange which opened into a region of horizontal and vertical ion steering grids ( -1500 f 50 V) . The ions were then guided into the drift-tube region of the chamber which was physically separated from the source chamber by a metallic collimated hole structure (Brunswick Corp., hole diameter 12.5 ,um, -lo5 holes/cm*, -0.05 cm thick). The hole structure floated at the voltage of the drift tube and maintained excellent differential pumping along the flow axis. Under typical operating conditions, the pressure in the steering region was less than 8 X 10 -' Torr, while the detector region stayed well below 2 X lo-' Torr. An Einzel lens assembly was used to focus the ions through an 80 cm drift
The wavelength scale was calibrated using the lines from optogalvanic excitation of Ne collected concurrently with photoion signal. 63 All spectral lines are reported in vacuum wave numbers with relative error in the final twophoton energy of less than 0.1 cm -' and usually accurate to -0.15 cm-I.*'
III. GENERAL SPECTROSCOPIC CONSIDERATIONS
In the present work, excitation of hydrogen chloride to a resonant intermediate state is characterized by two-photon electric-dipole selection rules.64 For states adhering to Hund's case (a), (AS) coupling, this is expressed as a restriction on the axial component of the orbital angular momentum, i.e., 1 AA 1 = 0, 1, and 2. Since many states are best described by Hund's case ( c ) , ( a, ,w ) coupling, the allowed transitions are governed by changes in the axial component of the total angular momentum, i.e., (Ail\ = 0, 1, and 2. In addition, restrictions exist between rotational states of a given vibrational band. From the X '2+ (Of) ground state, the relevant rotation and parity selection rules are IhJ 1 = 0 or 2 and e(A')+-+-e(A '), Iti I = 1, and f(A ") + +e(A '), where the double arrow represents the two-photon process. [22] [23] [24] [25] In the same manner as radiative transitions, the mutual perturbations between excited electronic states are characterized by selection rules. Many of the spectral anomalies of interest in the present work can be ascribed to vibrationalelectronic or homogeneous perturbations, where IhAl = 0 and 1 Aa 1 = 0. At higher resolution, rotational or hererogeneons perturbations are also quite prevalent. The latter interactions involve states where I Afi I = 1 and are usually strongest when IhAl = 1. Rotational-electronic and vibrational-electronic perturbations require levels to have the same total angular momentum and parity component,
,where -symbolizes the perturbation.* TABLE II. The assigned P"P + (0 + ) c -X'J: The Rydberg states correlated with the *Iii ion core are subject to moderate spin-orbit coupling,32.55 IA I -648 cm-', which provides a means for nearby states of different spin to interact, e.g., 32 --'Z + . Spin-orbit coupling which allows triplet c c singlet transitions can be predicted from a consideration of selection rules and symmetry of the triplet state spin wave function. 2*23 These spin components transform as the rotational symmetry of the molecule. For hydrogen chloride, which is described by the C,, point group, the symmetry species of rotation are l?(R, ,R, ) = II and F(R,) = Z -. Singlet states which mix directly with the 32-state through rotational elements are identified in the expressions 'IIoII='X+ +32-+3A and 'I:+ @2-= 32-. That is, interactions 'II( 1) -38- (1) Spectrosc. 17, 122 (1965) . bThe H "Cl-H 35C1 chlorine isotopic splitting is 2.1 cm-'. The D "Cl-D "Cl chlorine isotopic splitting is 4.7 cm-'. D "Cl-H "%Zl isotopic splitting is 168.8 cm-'. 'Note that the magnitude of the chlorine isotope shift is typical of (1,O) bands for pure Rydberg states of the same configuration. This can be compared with the approximation Av,,,, z ( 1 -p) uAG, + ,,2. For H 35C1, the mass ratiop = 0.999 24 and AG,,, is expected to have a value analogous to the ground state of the ion ( -2569 cm-' ) . This system is identified as a Rydberg-valence perturbed (0,O) band. The small rotational constant is consistent with interaction involving nearby vibrational levels of the Y'Z+(O+) state. ' REMPI-TOFMS studies of this band reveal very strong yields of molecular ion HCl'(DC1') as well as fragment ions H+ (D+) and Cl+. Such behavior is characteristic of all 'Z+ (O+ ) upper states and is considered indicative of transitions mediated by the long-range valence state.
'Band HO+ -X + Z (0,O) of Douglas and Greening (Ref. 36) . Note that for D 'sC1 the term valuesF(2), F(3), andF(4) ofthepresent study agree with those of Ref. 36, however, our unambiguous assignment of v, and F( 1) result in a correction to the molecular constants.
gression of first and second vibrational differences AG : + 1,2 and A*G : + 1,2 are readily distinguished. The E '8+ (O+ ) (0,O) band system coincides with the strong perturbations in the valence band progression. The line positions and spectroscopic constants of this mixed state are provided in Table III . In order to judge the extent of deviation from pure Rydberglike character, we have summarized in Table IV various spectroscopic parameters for the ground and selected excited states of HCl as well as for the ground and first excited ion states.
Included in Fig. 2 are a number of potential curves above the lowest ion state which suggest possible separated atom or ion limits. These fragment channels are important because of the peculiar dynamics following one-photon excitation from the resonant 'Cf (O+) and 3C-(0 + ) which generate H + and Cl + along with the HCl+ ion. By sampling the natural abundance of the chlorine and hydrogen isotopes, the present work is sensitive to yields of H 35C1 + , H 37C1 + , 35C1 + , 37C1 + , and H + ions as well as all deuterated species. The fragment signals are of strengths comparable to or greater than the molecular ion and the branching ratios are unique for each resonant vibronic band. Across any one band system, the rotational structure reveals that the fragment to molecular ion yield ratios remain essentially constant, which is consistent with the homogeneous nature of the interaction. In addition, the signal strengths for transitions through the 'Z+ (O+ ) and 32 -(0 + ) states typically adhere to a three-photon power dependence. This laser dependence and the absence of predissociative line broadening distinguishes the superexcited dynamics from a simple twophoton resonant state dissociation. When the two-photon state is short lived due to predissociation and/or the direct ionizing transition is saturated, the signal strengths scale with a nearly two-photon power dependence and the ratio of Cl + to HCl + remains < 1.
This work includes the first reported detection of two distinct superexcited state dissociation channels. To date there have been only a few direct observations of the fragment atoms, and the assignment of asymptotic channels along with the quantum yields for different decay pathways are not well understood.2G25928*29,31 We have found that (2 + 1) REMPI mediated by the u' = 3 level of the V 'Z+ (0') state leads to a repulsive potential curve having separated atom limits of electronically excited hydrogen and ground state chlorine. 23-25 The TOFMS spectrum is dominated by the H + species which is a consequence of the excited hydrogen atom readily absorbing one additional photon. Transitions through the U' = 4 level of the valence state (AG,,, = 756 cm -') provides the onset of Cl + production. This is interpreted as the opening up of the second superexcited state dissociation channel which correlates in the separated atom limit with an electronically excited state chlorine and ground state hydrogen.
The rotational line positions are employed in conventional spectral analysis to estimate the spectroscopic parameters. Further details, including the determination of spectroscopic constants of many additional 2, Il, and A symmetry states are described elsewhere.25 The rotational lines for each band along with the relative intensities between the branches are used to test theoretical predictions (see Fig. 4 ). With few exceptions, the spectral patterns measured can be fit qualitatively to two-photon absorption line strengths derived from the formulation of Bray and Hochstrasser.64 The most obvious exceptions arise when one or two rotational levels are subject to accidental predissociation. In general, the rotationally cold spectra of isolated and well-resolved 0 + c + 0 + bands are so simple that any small deviations are recognizable. A quantitative comparison of the observed and calculated line strengths shows that the pattern of most band systems are within a few percent of the predicted. These rotational factors indicate heterogeneous interaction, but more importantly, provide clues to depend- Particularly large REMPI cross sections are associated with some of the C states we have investigated. This includes theE'I:+(O+),g32-(O+), andj3X-(Of) (0,O) bands as well as the (12,0), (lS,O>, and (16,O) bands through the V 'LX+ (O+ ) state. By maintaining low laser powers, i.e., below saturation, the majority of spectral peaks have linewidth comparable to that of the laser. However, some transitions through selected vibrational levels of the V'X+ (Of ), g 3H -( 1 ), and g 38 -(0 + ) states give rise to weak signals having broadened rotational lines. Such behavior is consistent with predissociation and lifetimes too short to provide significant resonance enhancement for ionization.
Vibronic perturbations are usually not so easy to identify as those of rotation because many levels need to be measured. However, our ability to observe transitions through all the V '2+ (O+) U' = 3-32 levels affords us the unique opportunity to look for irregular level spacings, trends among rotational constants, as well as fluctuations in band intensities due to non-Franck-Condon transitions. Inspection of Fig. 3 reveals anomalies in the vicinity of the u' = 10 and 11 levels of the valence state which fall within close proximity of the v' = 0 level of the E '2+ (O+) state. Similarly, the v' = 13, 14, and 15 levels appear subject to pronounced energy shifts correlated with the u' = 1 level of the same Rydberg state. As the vibrational progression of the valence state extends to higher energies, there is again an alternation in the vibrational intervals around the u' = 18 and 19 levels. Correspondingly, the E 'X+(0+) and H '2+ (O+ ) Rydberg states suffer significant deviations in their AG ;,Z values from those expected for an unperturbed Rydberg state converging on the X 2II,,2 ion state. Further manifestations of these interactions are more subtle until one reaches the u' = 23 and 25 levels. At still high energies, our observations confirm that the strongest signals remain associated with the a' = 0 + states and that the role of Rydberg -valence perturbations, although more erratic, continue to be important.
V. ROTATIONAL LINE INTENSITIES
In lowest-order theoretical treatments of (2 + 1) REMPI, the J' dependence of the photoionization step is often excluded and the rotational line strengths are treated by standard formulas for two-photon absorption.@ For direct ionization through a pure Rydberg excited state, or if a repulsive portion of the potential curve exists at a third-photon resonant state, it is assumed that the ionization step should not be constrained by the rotational structure. The Table II of  this work and Table CVIII of Ref. 24, respectively. transition intensity is governed by a tensor which incorporates two electric dipole matrix elements responsible for the line strengths. These elements couple the ground state through a virtualstate to the resonant two-photon state. The rotational intensity distribution within a vibronic band system thus depends on the ground state population, the nature of the nonresonant allowed states, and the configuration mixing complicating the final state wave function.
Two-photon rotational line strength factors have been tabulated by Bray and Hochstrasser.64 Values of Afi distinguish the rotational branch patterns and the contributions from different transition tensors. With linearly polarized light, a Q branch arises from both zero-and second-rank components of the one color, two-photon transition tensor, while 0 and S branches arise from the second-rank component.5.22-24*64 Figures 4-6 show typical (2 + 1) REMPI spectra of AR bands of hydrogen chloride excited with linearly polarized light. Upon changing to circularly polarized light, the contribution from the zero-rank tensor component vanishes and that from the second-rank tensor is enhanced by a factor of 3/2 for the same light intensity. (3,O) and (b) the V'Z+(O+) + -X 'P+ (0') (4,O) bandsystems. Detection of ion yield in the H + fragment channel is attributed to a dissociation process into H* (n = 2) + Cl at the three-photon energy. Line positions for these bands are listed in Table II. At the cold rotational temperatures provided by the supersonic expansion, the signature of a A0 = 0 band spectrum is a pattern of strong Q(0) and Q( 1) peaks, notably weaker S( 0) and S( 1) peaks, and all other branch lines decreasing rapidly with J' (see Fig. 4 ). In preliminary polarization studies of the V 'X+ (O+ ) state, the ratio of Q-branch line intensities between circular and linear polarized excitation varied between one and two orders of magnitude. Since the zero-and second-rank tensors represent vibronic contributions to the intensities, then the ratio of Q-branch peak strength to either the S-or O-branch peaks will change with nature of the virtual states. In particular, these contributions will be a function of energy mismatch and change in internuclear separation. At higher energies, several bands through the V'Z+(O+) state, the V'I:+(O+)t +-X*X+(0+) (24,0) band being a good example, exhibit enhanced S- branch to Q-branch intensity ratios which reflect an increase in the magnitude of the second-rank component relative to the zero-rank component. Interpretation of this trend may be expressed in terms of the contributions from either ni = 0 or 1 one-photon virtual states. Mariner0 et al. ' demonstrated this concept of measuring Q-and S-branch intensity ratios in order to investigate the two-photon excitation through the E, F 'Xc double-minimum state of H, . These results suggest the need for additional study of inner and outer well coupling throughout the B 'Z+ (Of) state of hydrogen chloride.
One-photon ionization from the 'Z+ (O+ ) and 3I: -( 1,O + ) resonant states is complicated by dissociation/ predissociation and autoionization. Examination of Fig. 6 reveals the state specificity of fragment ion yield. Under such circumstances, any rotational and vibrational dependence of dynamic processes leading to branching between molecule and fragment is convoluted with the two-photon line strength. A comparison of the spectra obtained by monitoring HCI + , Cl + , and H + indicates vibronic state specificity of branching ratios, but for any one band system, the disso-D. S. Green and S. C. Wallace: Multiphoton ionization processes in HCI ciative perturbation is rotationally homogeneous with only a few percent variation in the relative rotational line strengths as long as the laser power is maintained below saturation. As expected, these variations in rovibronic factors are most significant when comparing excitations through the '8+ (O+ ) Rydberg states with those through the nearby levels of the V '2' (O+ ) state. Therefore, the extent of vibronic mixing with excitation energy and changing contribution from the virtual and resonant intermediate, as well as superexcited states, as a function of internuclear distance influence the measured ion yields.
VI. SPECTROSCOPY A. Q-+(0+) states
The'H+(O+) c c 'ZZ+ (O+ ) band systems are the most plentiful and strongest features observed in the (2 + 1) REMPI spectrum. The important bands we have characterized include many vibrational levels through the V'X+(O ') state as well as those of E'2'(0') and H '2+ (Of ) Rydberg states. With few exceptions, the photoion signals are detectable as molecular and fragment ions HCl+, Cl+, andH+ (DCl+, Cl+, and D+).
We have observed, for the first time, an uninterrupted vibrational progression from u' = 3 to 32 of the V iZf (Of) state. This portion of the valence potential curve stretches across more than 16 000 cm -'. Along the (u',O) progression, relative band intensities vary over eight orders of magnitude when probed under identical gas expansion and ionization conditions. This observation is particularly insightful due to the large depth of the potential well and the longrange internuclear distances calculated from the small rotational constants. Excitation from the X '8' (Of), u' = 0 level to a low level of the V '8' (O+ ) state involves a transition from a state with equilibrium internuclear distance R : = 1.275 A to an excited state where R : u 2.5 1 A. In the absence of perturbation, we would expect the general trend of these vibrational band intensities to follow the FranckCondon principle. 32 However, the extended range of our observations and branching ratio of ion signals indicate that the electronic wave functions have mixed configurational character over intermediate to large R.4M9 Overlap between wave functions of the 'X+ (O+ ) levels and those of the neutral ground state, ion states, as well as superexcited states are manifested as non-Franck-Condon transitions." The simplest excitation models are inadequate and one must recognize that the transition moment R, (R) is a sensitive function of the internuclear separation. With respect to the double-minimum configuration of the E, V'B+(O+) or B '2+ (Of ) state, the vibrational wave functions of the outer well mix with those of the inner well and the molecular constants and transition moments reflect an effective or averaged equilibrium bond length.
The interpretation of such spectra has been aided by ab initio CI methods.4w9 In a collection of papers by Peyerimhoff and co-workers,46*47 considerable progress has been advanced toward the understanding of Rydberg-valence mixed potentials. In the case of hydrogen chloride, all three diabatic states V, E, and Hare treated with a basis consisting of strongly interacting ionic and covalent configurations. Details of these calculations are given in Ref. 46 and 47. Reviewing their notation, the V, E, and H states are labeled asB'8;,'Z,+,,and'Z,f,, respectively. Three adiabatic potentials are then derived in terms of these diabatic basis states. The lowest energy curve is a double well called 2 'Z + . This potential curve is identical with the one which we refer to as B 'E+ (O+ ), but is not to be confused with the B '2; valence (diabatic) state of BettendortT et aZ.46 This doublewell configuration is dominated at short internuclear distance by the '8,+, state and at larger separation by the B '8; curve. At intermediate range, the 2 'Z + state possesses covalent character complementing that of the X 'Z + ground state. In the asymptotic limit, this state configuration becomes increasingly ionic, dissociating to the ion pair H + ( 'S) + Cl -( 'S). In the most recent calculations presented by Bruna and Peyerimhoff,47 the outer well of 2 'Z + is located approximately 0.5 eV lower than reported in earlier studies.& As a cons e q uence, ab initio curves predict a lower-lying outer well in the double-minimum 2 'Z + state. The short-range portion of the '2,+, curve and the remaining long-range section of the IX,+, curve describe the 3 'Z + potential with characteristic inflection point. At higher energy, the remaining portions of the B '2: and 'Z,+ curves give rise to yet another bound potential, designated 4 'B + .
Transitions through the J' = 0 levels of the valence state show little indication of significant J-dependent line strength perturbation and can be used for an approximate comparison of vibrational band strengths. The premise is made that measurements of the HCl + or Cl + ion signals on the Q(0) rotational line of V '2+ (O+ ) vibrational levels as a function of laser intensity will provide a set of curves from which to investigate Franck-Condon transition factors. Figure 3 (a) shows a logarithmic plot of the relative signal strengths, at low laser intensity ( < lo5 W cm-'), for transitions through the u' = 6-l 8 levels. These trends are shown alongside vibrational level spacings. The intervals follow an anharmonic progression, where AG:, 1,2 varies between 367 and 774 cm-' , but is interrupted by underlying irregularities. Similarly, the rotational constants follow an irregular spread in value between 2.8 and 6.1 cm -'. As a consequence of these perturbations, the spectroscopic constants could have rather limited significance. These wide variations provide little information on their own, however, by correlation of the overall trends, the various parameters become significant. As depicted in Fig. 3 , the strongest perturbation coincides with the v' = 0 and u' = 1 levels of the E 'Zf (O+ ) state. The Y 'Z + (O+ ) state rotational constants are relatively larger for those vibrational levels immediately lower in energy than the E 'X+(0+) levels, namely, U' = 10 and 14, which reflects the influence of reduced internuclear separation. A least-squares fit of all the band origin data for the valence state to a polynomial expansion in (v' + 1) provides confirmation of vibrational energy level displacement. Although this fitting procedure does not provide a unique curve, the results do suggest that the U' = 10 level is perturbed to slightly lower energy, while the U' = 11 level is considerably higher than expected. The U' = 14 and 15 levels show a similar tendency around the E '2' (0' ) u' = 1 level. In a complementary fashion, the relative ion signal intensity is observed to dip sharply for the ( 10,O) and ( 14,0) bands while being much stronger for the ( 11,O) and ( 15,O) bands. Overall, the vibrational structure is regular, at least up to U' = 8, G ; = 6403 cm-', but becomes very irregular starting at u' = 10, G L = 7611 cm -'. These results are consistent with the adiabatic B IX+ (O+ ) state being a double well with interaction between the inner and outer wells becoming most prominent in the vicinity of the LJ' = 10 level. Our observations suggest that the potential barrier occurs just above the v' = 10 level. The E 'X+(0') state level at 83 780 cm-' then becomes identified with the first level above the barrier. In their earlier work, BettendorlTet a1.46 had predicted that the U' = 5 level would have dominant characteristics of the inner well with a large rotational constant. However, we find that for this level, the rotational constant has a small value, in agreement with Douglas and Greening36 and Coxon et al 40,41 which does not suggest any strong perturbation from thz inner well. This latter result would indicate that the B IX+ (O+ ) state consists of a significantly deeper outer than inner well. Spectroscopic findings are thus in contradiction with the original results of Bettendorff et aZ.,46 but in support of the recalculation by Bruna and Peyerimhoff.47 Furthermore, to account for the presence of apparently nonvertical transitions, experiments suggest that the outer well must be distorted significantly toward short internuclear distance.
The vibrational perturbations of Rydberg -valence interactions are not only manifested among the closely spaced levels of the V 'X+ (O+ ) state, but are also prevalent for the 'X+(0+) Rydberg states. For example, the vibrational interval AG ;,2 = 2140 cm-' for the E 'X+(0+) state is perturbed, being significantly smaller than expected (2569 cm-' for the X *I& ion state) . 32, 55 We note that the magnitude of this energy shift is of the same order as the V IX+ (0') level spacing (Fig. 3) . This suggests that the nonadiabatic mixing in either near-adiabatic or near-diabatic representations is quite strong.3 Inspection of rotational constants derived for the E 'E+ (O+ ) state indicates that the potential minimum is located at an anomalously large internuclear separation when compared with the molecular ion (X211,, R ,+ = 1.32 A). For the u'= 0 level of the E 'Z f (OI ) state, B ; = 6.62 cm -' provides a measure of the internuclear separation R 6 E 1.62 A. Such small rotational constants are common to many of the 'Xf (O+ ) Rydberg states and remain consistent with configurational changes as function of internuclear distance.
The strength of such interstate perturbations will depend on the vibrational quanta excited. It is noteworthy that the lowest vibrational level ascribed to the E 'LX+ (O+ ) state is subject to a rather anomalous isotope effect. The chlorine isotopic shift is large, about 2.1 cm -', and more typical of the U' = 1 level of other Rydberg states investigated. The corresponding transition for the D 35C1 isotopomer lies some 169 cm-' to higher energy than that of H 35C1 (see Table III ) .23-2s As indicated in Fig. 3 (e) , this isotope effect remains erratic with increasing vibrational quanta. Transitions to the E 'Z+(O)) u' = 1 level reveal that the H 37C1 and H 3sC1 origins are spaced by 4.5 cm -', which is even larger than the isotope shift measured for (2,0) bands in other 4prr Rydberg states.
3I: -(0 + ) states. Many of the 32 -( 1) states suffer from predissociation and poorly defined angular momentum coupling case.
Since intensity perturbations are indicative of interstate mixing, it is significant that (2 + 1) REMPI through the u' = 0 level of the E 'Xf (Of ) state yields one of the strongest ion signals relative to all other bands investigated. Our REMPI studies reveal a conservation of band intensities between adjacent interacting levels of the Rydberg and valence states. For example, one can correlate the greater strength of theE 'Z+(O+) + +X 'Z'(O+) (0,O) band with the weakness of the lower energy ( 10,O) valence band. The v' = 0 level of the H 'X+(0+) state is located at 88 685 cm-', which lies between the u' = 19 and 20 levels of the V '2+ (O+ ) state. This level has no resolvable chlorine isotopic splitting and a rotational constant yielding R 6 Z 1.43 A, which is slightly larger than the equilibrium internuclear separation of the X 211 state. Comparing the ion yield signals from excitation through the H 'Z+ (O+ ) u' = 0 level with signals from the adjacent V '2+ (O+ ) u' = 19 level, there is a significant difference between the Cl + to HCl + ratios. In the Rydberg-valence mixing scheme, this difference is consistent with a weak mixing of the H 'Xc (O+ ) state with a longer-range potential curve. The u' = 1 level of this state, at 90 778 cm-', also seems to follow near-Rydberg state behavior with a typical chlorine isotopic splitting of 2.5 cm -' and a rotational constant yielding R ; z 1.49 A. On the other hand, the vibrational interval of the H 'Z+ (O+ ) state is small, AG i,Z = 2093 cm -', and the v = 1 level lies some 150 cm -' below the notably perturbed u' = 23 level of the V '2+ (O+ ) state.
The 32 -( 1,0 + ) states, designated g and j by Ginter and Ginter,37 are identified with the (***0%?)4pn and ( * * a&?) 3dn-configurations, respectively. As the spectrum becomes more congested at higher energy, perturbations appear in the relative separation between isoconfigurational 'B -(0 + ) and '2' (O+ ) states. Using the united-atom treatment presented by Greening," this triplet-singlet spacing is calculated to be nearly 1042 cm -' for states of the 4~7~ configuration (see Fig. 7) . However, the measured splitting betweentheg3Z-(O+) andE'Z+(O+) v'=Olevelsis693 cm-', while for the u' = 1 level, this splitting diminishes to 137 cm -I. The subsequent measurement of AG ;,2 reveals for the E 'Z+ (O+) state, an energy deviation of approximately 429 cm-' smaller than expected, while for the g 'Z -(0 + ), the spacing is 126 cm -' larger than expected. The simplest analysis thus suggests that the E '2' (Of) u' = 0 level is shifted about 386 cm -' low, while the g 38 -(0 + ) u' = 0 level is about 36 cm -' high. The net magnitude of the shifts are comparable to the V 'B + vibrational level spacing and consistent with mutual interaction among adjacent V'Z+(O+) E'I+(O+) andg31:-(O+) statelevels (see Fig. 7) .
A similar analysis may be sketched for the j 3I; -(0 + )
Bettendortf et a1.46 attributed the W '2+ (O+ ) state, at 94 422 cm -', to the 4 'H+ (O+ ) potential which should have considerable configurational character from the repulsive potential branch of the V 'Z+ (O+ ) state. Our results indicate that transitions through the W 'X+(0+) state are strong, as expected for intravalence transitions (Fig. 4) . Also note the close proximity of this state to both the u' = 3 1 0.
and 32 levels of the V '2+ (Of) state. It is likely that a sharing of transition strength from the W 'Z+ (O+ ) state in conjunction with Rydberg -valence mixing provides sufficient cross section for ionization through such high-lying levels of the V'Z+(O+) state. and H '1" (0' ) states. Our united-atom calculations indicate that the relative triplet-singlet spacing is approximately 724 cm -'. The spectral measurements indicate that for the u' = 0 levels, this spacing is 597 cm -', which is obviously closer by some 127 cm-'. Yet, for the u' = 1 levels, there seems to be little perturbation since the relative spacing is 713 cm -'. These results are internally consistent with the AG ;,* values, where for the H 'Z+ (O+ ) state, the vibrational spacing is 476 cm -' smaller than expected, and for the j 'B -(0 + ) state, about 359 cm -' smaller than expected if contrasted with the ground ion state. Such shifts are attributed to energy perturbations between vibrational levels of the H 'Z+(O") and j3Z- (O+) states and the V'8+(0') state. The nearly adiabatic picture indicates that at higher energies, a reduced valence configuration arises from an increased mixing with the longer-range portion of E '2+ (0') and g 32 -(0 + ) potential energy curves.46*47 Although the u' = 1 levels may not be severely energy perturbed, the rotational constants do indicate a significantly increased bond length.
The 'Z -(0 + ) states have rotational constants which reflect rather erratic bond lengths depending on both the vibrational level and strength of interstate couplings. The rotational constants for the u' = 0 levels of the g 38 -(0 + ) and j 38 -(0 + ) states yield internuclear distances of R 6 =3 1.5 1 and 1.34 A, respectively. Such distances are comparable to the equilibrium separations in the A '8 + and X 'II, ion states (see Table IV ). Even though the j 'Z -(0 + ) state has a rotational constant close to that of the X *II, state, the simultaneous detection of strong fragment ion signal is taken as evidence for long-range character. At higher energy, thej 3): -(0 + ) u' = 1 level has a smaller rotational constant. In the case of the g32-(O+) + +X '8+ (O+ ) ( 1,0) band, there is considerable uncertainty in the rotational analysis since the spectral peaks are diffuse and blended. In this case, the high valued rotational constant of the nearby V 'Z+ (O+ f) u' = 14 level is taken as evidence for complicated interactions which involve u'= 1 levelsoftheg"B-(Of) andE'B+(O+) states. For the u' = 0 level of theg 38 -( 1) state, the determination of spectroscopic constants is difficult due to diffuse, blended lines and perturbation of the e(A ') parity component. The broadened line shapes are consistent with 'Z-(l) -38 + ( 1) homogeneous predissociative perturbations. In this case, the bound-free interaction is likely to occur at short internuclear distance via the repulsive t 'C + ( 1) valence state.
C. The short wavelength region Two band systems observed near 88 167 and 88 177 cm -' have been assigned to transitions through the v' = 2 levels of the g 32 -(0 + ) and E '1;+ (O+ f) states. The band measured at 90 432 cm -' has the appropriate ionization characteristics, energy level spacing, and rotational constant to be the v' = 3 level from either of these two states. Strong perturbations observed for transitions through the nearby u' = 23 level of the V 'g+ (0' ) state support identification of this 90 432 cm -' feature with a vibrational level in the inner well of the B '2' (O+ ) state.
For measurements made above 90 000 cm-', it becomes increasingly difficult to provide unequivocal correlations between the observed bands and specific electronic configurations.25'37 Increased rotational perturbations and congestion often obscure the assignment of peaks to unique band systems or branches, even when there is an apparently distinct isotope shift. Our observation of widespread vibronic interaction also cautions one against using such shifts as the sole indicator of vibrational numbering. Substantial mixing of states or the effect of avoided crossings can have an unpredictable influence on the high n ordering of Rydberg states. This is the case for the strong 'x+(0+) + +X 'Z+ (Of) (u',O) bands near 94 422 and 94 683 cm -*, which are in very close proximity to the u' = 31 and 32 levels of the V 'Z+ (O+) state, respectively. Similarly, band systems at 95 543 and 95 632 cm-', which are attributed to transitions through a pair of 'Z+ (O+) states, show rotational perturbations which may be consistent with mutual interaction between overlapping levels.25
A considerable number of high-lying band systems have no resolvable chlorine isotopic splitting. Such features locate the u's= 0 levels of high n Rydberg states. Unless the negligible isotope effect is a result of fortuitous cancellation of perturbations, these particular bands are nearly free from the influence of valence/ion-pair or mixed Rydberg states. An example of such bands are the systems at 95 013 and 95 058 cm-' which are attributed to transitions through u' = 0 levels of 3): -(0 + ) and 'Z + (O+ ) states, respectively.25
VII. MULTIPHOTON PREDISSOCIATION AND SUPEREXCITED STATES
REMPI spectra consisting of diffuse rotational peaks are considered consistent with the competing kinetics of predissociation and ionization decay channels in the resonant two-photon state. The presence of narrow rotational peaks (laser linewidth limited) are consistent with direct threephoton ionization. If the spectral peaks are narrow, but fragment ions are detected, then one assumes that either the molecular ion has dissociated or rapid predissociation occurs via superexcited neutral states followed by fragment ionization. The superexcited state pathway should be distinguished from the more general photodissociation mechanism which is initiated at high laser intensity when we find that a relatively small quantity of atomic ions is detected regardless of the intermediate state symmetry.
Strong ion fragment signals, both H + and Cl + , accompanying the molecular photoion signal were first reported in the (2 + 1) REMPI experiments performed by Spiglanin et ai." However, the extent of this behavior and the state specificity of such dissociation throughout the excited electronic state manifold were not investigated. We have found that these dissociation mechanisms accompany excitation through all states of 'Z+ (O+ ) and 3C -( 1,0 + ) symmetry. 23, 25 As summarized earlier, we are referring to electronic transitions where the resulting ratio of fragment ion yield is comparable to, or often significantly greater than that of the molecular ion yield.
Transitions through both the g 32 -(O+ ) and j 32 -(0 + ) states show the consequences of perturbative interactions with the V '2+ (Of) states in the form of large fragment ion signals. While the g31:-(O+) + +-X '2+ (0') ( 1 ,O) band system is also detected in both molecular and fragment ion channels, in this instance each rotational line has a broadened linewidth. Heterogeneous or rotational perturbations are also associated with rapid predissociation. Since the a = 0 + states have only e(A '> levels, the heterogeneous interactions can be manifested as the selective degrading of intensity for either e(A ') or&4 " ) parity components among the Rydberg states. In some band systems, accidental predissociation is observed among just a few rotational lines.22-25 One of the more interesting band systems to display predissociation and ionization is the V'Z+(O+) + +X '8+(0+) ( 13,0) band system. Lines of this band are susceptible to saturation, display typically narrow linewidths for low and high J' values, but broadened linewidths 24.5 cm -' FWHM at intermediate J' values. In this case, the u' = 13 level can interact with either the nearby f3A'(l)v'= l,D'II(l) u'= l,and/ortheC'lI(l)u'=3 levels. However, from our work, we have identified the R' = 1 state at 85 022 cm-' with thef3A' (1) u' = 1 level which shows no obvious sign of predissociative line broadening. On the other hand, we know that the C 'II ( 1) state is strongly predissociative and according to the absorption work of Tilford et al., 34 the band origin of the C 'II ( 1) v' = 3 level is very close in energy at 85 145 + 60 cm-'. We have also predicted the location of the D 'II( 1) u' = 1 level near 85 135 f 15 cm -', but find that it is not readily observed by REMPI or absorption.22V25*37 Hence it is likely that both the D 'II ( 1) and C 'II ( 1) states overlap strongly at these energies with subsequent homogeneous predissociation of the D 'II ( 1) state and heterogeneous interactions with the nearby rotational levels of the V 'Zf (O+ ) ( 13,0) band system. coupling as well as the competition between autoionization and superexcited state dissociation.
In practice, it is difficult to compare accurately the ratios of all molecular and fragment ions due to the response of different masses to ion steering and focusing. This is strictly true for the case of H + relative to the heavier chlorine and molecular species. Nevertheless, we have made a preliminary comparison of the ion yield ratio Cl + :HCl + [monitoring the Q( 0) line] as a function of laser power for a number of '1;+ (O+) states. This aspect of our study demonstrated that the ratios of these species do vary somewhat between different electronic states as well as between different vibrational levels of the same electronic state.25 However, for any given level, we find that this ion yield ratio displays a negligible dependence on laser power as long as the process remains below saturation. Under such circumstances, most transitions through 'ZZ+ (O+ ) states provide Cl + and HCl + signals which scale with a three-photon dependence. Saturation causes a decrease in the photon dependence toward a value of 2, while the change in fragment to molecular ion ratios shows a more complex relationship. Efforts are underway to correlate these ratios with mixed electronic configurations and variations with internuclear separation and at energies approaching asymptotic dissociation limits.2' Transitions through low J' levels of the s3X-tl) c +X '2+ (0') (0,O) band system exhibit diffuse and blended line shapes, typically 2.5-4.5 cm -' (FWHM). According to Ginter and Ginter,37 particularly severe intensity perturbations are also present for higher J' levels. Based on the relative energy separation, the detection of a diffuse band system near 85 783 cm-' provides a tentative, but seemingly consistent assignment for the u' = 1 level of the g 38 -( 1) state.
A further dimension to the present study is to investigate the various decay channels resulting in characteristic branching ratios H + :Cl + :HCl + as a function of the twophoton resonant state and three-photon energy. The significance of these distinct ionization and dissociation processes may be realized by drawing on the analogous problems in other fundamental molecular systems such as HF and H,. For example, Nishikawa and Watanabe65 used photoelectron data in an effort to evaluate the superexcited state spectrum of HF and the isoelectronic species H,O, NH,. It was assumed that an upper bound on the superexcited state spectrum could be derived from the difference between the absorption oscillator strength distribution and the oscillator strength distribution for the molecular ionization process Fabs (0) -Fi,, (w ) . Since the superexcited state is by nature dissociative, the difference spectrum should be interpreted experimentally as the spectrum of neutral fragment formation. Recently, Tashiro et ~1.~~ reported a ( 1 + 1) ionization study of HF at one-photon energies corresponding to the V'B+(O+) +X 'x+(0+) (0' = 28, 29,30, and 3 1, u" = 0) band systems. Appreciable ion yields of both HF + and H + species were found to accompany these excitations, while transitions through the nearby C 'II ( 1) Rydberg state resulted almost exclusively in HF + production. Ion-pair production, i.e., H + + F-, was dismissed as negligible contribution and supported by the failure to detect F-ions. The available experimental and theoretical information point to a selective dissociative process which relies on a change in internuclear separation. Consequently, transitions to a doubly excited Rydberg state of neutral HF is associated with a superexcited repulsive potential curve correlated with H*(n = 2) + F(~J?,~P'). The absorption of one additional photon is sufficient to ionize the excited atom.
In hydrogen, the '2: states are important resonant intermediates in multiphoton ionization/dissociation processes. For example, the work of Cornaggia et al. " reported a fragment ion yield accompanying (4 + 1) REMPI of H, through the E, F '&I+ state. Photodissociation of HZ+, al-though energetically possible, was dismissed as making only a negligible contribution to the H + signal. Variations in the fragment spectrum relative to the molecular ion spectrum suggested that some of the H + ions were formed as a consequence of repulsive excited states of the neutral molecule at the five-photon energy. In this double-resonance mechanism, the molecule dissociates to one excited atom H*(n = 2) and one ground state atom H(n = 1). Subsequent ionization of the excited atom occurs by absorption of two more photons. Alternative schemes require five or more photon absorption from the ground state into either dissociative continua or higher energy predissociative Rydberg states. Van Linden van den Heuvell and co-workers' have also observed a strong dissociative photoionization mechanism in molecular hydrogen which is peculiar to REMPI through the 'Z,+ (0 + ) states. The latter investigations include photoelectron measurements which can distinguish between contributions from predissociation of the neutral molecule followed by ionization of fragments from the direct dissociation of the molecular ion.
Based on the above discussion and the available information on the ion states of hydrogen chloride, several mechanisms can be considered to account for the presence of H + , Cl + , and HCl + after excitation through a two-photon resonant intermediate state. It should be understood that the following arguments refer to both '2+ (O+ ) and 32 -(0 + ) species with only the former shown in the equations below for convenience. Furthermore, we denote by HClm* the molecule having absorbed m photons from the ground state. All mechanisms are assumed to be initiated by excitation through the two-photon resonant state [process (A)] HCI[X 'Z+ (0'); U* = 0] + 2fiw-,HC12* ['8+(0+); v'] .
(A) Absorption of one additional photon is indicated by process (B). Specifically, the energies corresponding to threephoton absorption in our experiment span from 116 OOO-144 000 cm -'. As introduced earlier, the spectroscopy and dynamics of hydrogen chloride in this energy range have been the subject of a considerable number of related experimental and theoretical studies.28-31*52-62
Process (Bl ) represents the direct one-photon ionization of the excited Rydberg state. This transition is expected to preserve both the electronic and vibrational configuration of the core, i.e., follow the Franck-Condon overlap. Process (B2) suggests that starting with the mixed Rydberg states, the absorption of a single photon can lead to a competition between the production of a molecular ion and excitation to longer-range superexcited states. These superexcited states are identified with core configurations of the a 411, A 22 + , or higher energy ion states HCl'*[ 'C+ (O+) 
WI
For the . * * (50) 2 (2~) 3n1/2 Rydberg states, the cross section is greatest for removal of a single 3pa electron during excitation to the X 211i ground ion state of configuration * * * (5a)'( 2n) 3. The adiabatic ionization potentials of the 2n3/2 and 2b/2 ion states have been reported from photoelectron studies to be IP(2113,2 ) = 102 819 f 40 and IP ( 'l-l ', 2 ) = 103 464 f 40 cm - ', respectively.54 Note that this excitation scheme will access primarily one of the spinorbit components depending on the singlet or triplet character of the Rydberg state. The ground ion state is deeply bound and correlates in the asymptotic limit with H ( Is,',!?) + Cl + (3P) (see Fig. 2 ). The direct ionization to other ion states involves at least a two-electron process and consequently the cross sections are reduced significantly. The electronic configuration of the Q 411 ion state is best represented by * * . (5~) ' (27r) 3 (60) '. In this case, ionization requires removal of the 3pa electron as well as promotion to 60, i.e., occupancy of the 3p@ antibonding orbital. The A 28 + ion state is formed by removing the 3p(r bonding electron, yielding the electronic configuration * . * ( 50) ' (2~)~.
Recall that the 3pa* +-+ 3pa single electron excitation is responsible for the V 'Z+ (O+) state of configuration * * . ( 50) ' (2~)~( 6a) '. Hence, direct one-photon ionization from the valence state to either the a 411 or A 22 + state is expected to have a larger cross section than ionization to the X 211 state. (2 + 1) REMPI PES results of de Beer et al. " confirmed this trend by showing that transitions to the X 21'1 ion state were relatively weak. The A 2Z + ion state is deeply bound and dissociates in its asymptotic limit to H + ( 'S) + Cl( ~P~,~P O). In contrast, the a 411 state is extensively repulsive, dissociating to H( ~s,~S) + Cl + (3P). Note that predissociation of high vibrational levels of the A 'B + state are caused by spin-orbit coupling with the a 411 state. As a consequence, coupling with or direct excitation to the a 411 state will account for the observation of fragment Cl + species accompanying the molecular ion signal (see Fig. 2 ).
Process (C) represents the direct dissociation of the molecular ion into fragments. The extent of fragment ion yield from this scheme is not expected to be large because experiments indicate a stronger dependence on the intermediate state symmetry and angular momentum than on excitation frequency. However, such schemes can account for some fraction of H + and Cl + ions which occasionally accompany transitions through Rydberg states which are not of the '2+ (0') or 32 -( 1,0 + ) assignment at higher laser intensities. These observations support the argument that field ionization is not a dominant mechanism for ionization in our experiments
As well as direct excitation to high vibrational levels of the X 'II ion state, there are numerous progressions of Rydberg states which are subject to autoionization. Process (D) represents a mechanism mediated by autoionization and dissociation. The highly excited bound Rydberg states are those which converge on the A 28 + excited ion state (threshold at T, = 130 400 cm -' and dissociation limit D, E 140 700 cm -').3o Repulsive Rydberg states are attributed to the a 411 ion core. Dissociative ionization mediated by the 411 0. S. Green and S. C. Wallace: Multiphoton ionization processes in HCIcore states will be expected to result in the detection of a+ (3P), consistent with the specificity and strength of the observed ion yield signals HC13*(high U--U+) -+ --+H++Cl+e-(Dl) +H+Cl ' +e-.
(I321 Process (E) reflects an indirect mechanism where fragment ion yield results from the dissociation of HC13* to provide a source of highly excited neutral atoms which can be subsequently ionized. Excitation from the resonant two photon states to these superexcited states represents a bound-tofree transition. As such, absorption to the three photon state is associated with a broad absorption width. In the present studies, because these states will be Rydberg states of moderate or low principle quantum number field, ionization is ignored. Similarly, perturbations of the dissociation process or shifts induced by the electric field of the mass spectrometer are not detected easily.25 At shorter range, the presence of field gradients of the mass spectrometer are more likely to enhance slightly the extent of autoionization. Typically, this dissociation or predissociation will leave one atom in the ground electronic state and the other at an energy within a one-photon absorption of its ionization threshold. The high cross-section for ionization of Cl* or H* maintains the observed power dependence near three photons HC1** ['2+(0+) Processes (H) reflect ion-pair production. It is also important to remember that the V 'Z+ (O+ ) state is correlated with an asymptotic configuration of ion-pair character leading to species H + ( 'S) + Cl - ( '5') . From the ionization potential for H (109 650 cm-'), the electron affinity for Cl (29 175 cm-' ), and the X 'B+ (Of) dissociation energy (D c = 35 759 cm -'), it can be estimated that this ion-pair limit occurs near 116 200 cm -' with respect to the u" = 0 level of the X 'X+ (O+) state (see Fig. 2 ).25,32,40,4' Threephoton absorption above this energy and at large internuclear distance may be predicted to yield primarily H + signal. However, for most small molecules, direct ion-pair production has a negligible cross section. Similarly in hydrogen chloride, the state specificity and resonant vibrational level dependence of the fragment signals suggest that dissociative ionization via the ion-pair continuum makes a negligible contribution to the H + generation repulsive 3110 (0 + ) state associated with the configuration * * * ( 50) ' (2~) 3( 60) '4s~ and the bound 'Y (O+ ) Rydberg state derived from the ... ( 50) ' (2~)~4sa configuration. In the work of de Beer et al.,2' this 'Z+ (O+ ) state is referred to as the superexcited state which provides a "gateway to the competing channels of electronic autoionization and dissociation." At large internuclear separation, these two 0 + states interact such that in the adiabatic description, one must invoke an avoided crossing (see Fig. 2 ). The lower of these adiabatic states is then characterized by a double-minimum potential curve which dissociates to ground state H and excited state Cl* ( 3p44s,'P). The second adiabatic curve with its potential minimum higher in energy, and at an intermediate internuclear distance, must correlate with ground state Cl and excited state H* (n = 2). At the three-photon energy of the present experiments, we can also invoke threshold excitations to repulsive potential curves which correlate with H + Cl* ( 3p4 4p) in the separated atom limit. 2',23*25,29,3' Therefore, transitions from the outer well of the B '2, (O+ ) can access numerous dissociation pathways which lead to detection of both H + ; HC12* ['Z+(Of) 
Lefebvre-Brion et a1.6' have reported a one-photon photoionization study of HCl in the region from the ionization threshold to approximately the convergence limit of the A 28 + ion state. Such a vertical excitation samples the upper potential curve around the equilibrium internuclear separation of the X 'Z+ (0') state and may be thought to differ substantially from excitation pathways which are mediated by the V '2' (O+ ) state. Nevertheless, variations in the observed photoionization cross section are attributed to the influence of the V 'X+ (O+ ) state and the ion-pair configuration at large distances.30,3'*6' Process (F) implies that various. mechanisms may be initiated by m-photon excitat'c.
.;e the molecular ion core has vibrational and rotational degrees of freedom, then the opportunity for dynamics such as dissociation and vibrational autoionization are expected to increase with energy. Nevertheless, even though one can envisage several energetically plausible pathways, such schemes may not be For H, and HF, much of the attention has focused on the role of doubly excited states, i.e., electronic configurations involving promotion of two electrons, as the cause of electronic autoionization and neutral dissociation. In HCl, it is likely that such states may be involved in the observed dissociation process since these configurations are a critical composition of the valence state configuration over a range of internuclear distances. 45,48 Multistate interactions above the first ionization potential of hydrogen chloride have also been the subject of experimental studies by White et aZ.29 In their work, one-photon excitation of HCl followed by the measurement of total undispersed fluorescence yield from (C1*3p4 4s, 'P, or 4P) fragments were compared with the total ionization yield of HCI + . In this manner, the threshold of fragmentation channels was identified to lie near 119 048 cm-' . It was also suggested that fluorescence signals follow-ing excitation over the range from 119 048-129 870 cm-' originated primarily from Cl* (3p' 4~). In more recent experiments, Frohlich et aL3' monitored the total undispersed fluorescence yield from both C1*(3p4 4s) and H*(n = 2). The close correlation between the dissociation spectra from the two independent studies supports the argument that a process of the form (E2), specifically one leading to H( 1s) + Cl* (3~' 4p) is the dominant decay channel.
A key result from our work has been the detection of distinct multiphoton excitation channels that generate H + without Cl + . This selective pathway is accessed when transitions are mediated by the lowest energy rovibrational levels in the V'I;+(O+) progression (see Fig. 5 ). For the (3,O) band, the strongest (2 + 1) RBMPI signal is detected in the hydrogen ion mass channel, the molecular ion signal is approximately two orders of magnitude weaker, and the Cl + signal is not readily observed. In this case, transitions through the Q(O) peak at 78 698 cm-' correspond to a three-photon energy of 118 047 cm-'. If this was solely a vertical transition from the electronic ground state, this would correspond to a region of the X'II ion state that is some 15 228 cm -' above the adiabatic ionization potential. By the indirect path or at longer range, we note that this energy is slightly below the dissociation limit H + Cl*( 3p4 ~P,~P), which lies near 118 819 cm-' with respect to the u" = 0 level of the X 'X+(0+) state (D;;= ' 35759 cm-). 29-32.40*4' However, what appears to be most significant is the close proximity to the dissociation limit H*(n =2) +Cl, which lies at 118018 cm-'. As a consequence, our observations are consistent with the threshold formation of an excited hydrogen atom which is autoionized or readily ionized by the absorption of one additional photon. As the (2 + 1) REMPI excitation scan reaches the u' = 4 level, we detect the onset of the dissociation channel which liberates Cl* and is subsequently detected as Cl + . The three-photon energy of 119 18 1 cm -' is now sufficient to access repulsive superexcited states correlated with H + Cl* ( 3p4 ~P,~P).
VIII. CONCLUSION
(2 + 1) REMPI has been used to derive useful information on the nature of resonant states and superexcited states of hydrogen chloride. In particular, considerable progress has been made in two-photon state spectroscopy by extending the number of vibrational bands associated with the Y '2' (O+ ) state. Multiphoton excitation through this long vibrational progression shows tremendous dynamic range suggestive of Rydberg -valence interaction and nonFranckCondon transitions. An attempt to draw correlations between the spectroscopic parameters of the Y'Z+(O+) levels and those of 'X+(0+) and 32-(O+) Rydberg states confirms the presence of widespread perturbation interaction. Since detailed information on the excited states is now available and REMPI experiments of increased sophistication are possible, more extensive theoretical studies of hydrogen chloride should be carried out.
(2 + 1) REMPI through perturbed resonant states is demonstrated to be a very sensitive tool for investigating resonant states as well as to prepare selected rovibronic states for the subsequent probing of superexcited states. This involves interstate mixing of Rydberg, valence, multiply excited valence electron, and ion-pair states to provide selective access to superexcited states at different internuclear distances. The most compelling evidence for vibronic interaction between the two-photon states is the complementary alternation of vibrational band strengths, isotope shifts, and rotational constants between adjacent levels. Inspection of two-photon rotational line strengths of the transitions through '2+ (0' ) and 32 -(0 + ) upper states is also very successful in identifying the manifestation of rotational perturbations. The latter is especially true at higher energies, where there is increased spectral congestion, and assists in judging the perturbing contributions from a number of previously unreported electronic states. From spectroscopic analysis, we know that superexcited states of hydrogen chloride are accessible at energies well above the two-photon resonant states. We have probed the three-photon energies from 116 000-144 000 cm-'. HOWever, the strength of electronic transitions from the ground state to these superexcited states is enhanced greatly when the transition moment is altered by the mixed Rydberg -valence or valence/ion-pair resonant states. Three-photon transitions can thus sample both short-and long-range potential energy curves. As a consequence, REMPI suffers from the competition between direct ionization, autoionization, and various dissociation channels. At such high energies, the neutral state dissociation or predissociation correlates with one ground state atom and one excited state atom. The absorption of a single photon by the excited atom is sufficient to account for the detection of strong atomic ion yields. We also note that TOFMS discrimination of both molecular and fragment ions provides an opportunity for multifaceted detection of dissociation and new isotopic effects. In particular, our work has discussed numerous possible transition schemes and identified the onset of distinct H*(n = 2) + Cl and H + Cl*( 3p4 4p) channels. These transition pathways offer prospects for the preparation of novel reactant or scattering species and open new avenues for cluster, ion-molecule, and photodissociation chemistry.
The multiphoton excitation spectrum of hydrogen chloride exhibits many striking similarities with other hydrogen halides as well as molecular hydrogen. Indeed, the theme of Rydberg -valence interaction punctuates the description of excited states in most small molecules. For the analysis of hydrogen chloride, it has been convenient to use a diabatic picture that maintains the ancestral integrity of Rydberg and valence state labels. In the case of the E 'X+ (O+ ) and V '8' (O+ ) levels, the vibronic energy perturbations are on the order of AG, + ,,* in the valence state. Invoking the full adiabatic representation of the B 'Z+ (Of) state may take better account of the configuration mixing among Rydberg, valence, and ion-pair character. Developing the appropriate formalisms to describe these states along with their nonadiabatic character will continue to present an interesting target for theoretical investigation.
The combination of REMPI excitation and REMPI-PE spectroscopies hold the best promise for determining the energies of the intermediate states and fragments. Future studies using two-color excitation and photodissociation-probe experiments should provide greater details into the mechanisms governing the ionization/dissociation branching ratio, rate, and energy disposal. The use of ion imaging in conjunction with symmetry and vibrational state selection of the resonant pathways may find application in the further characterization of superexcited states. The choice of different (m + n) REMPI schemes also provides a means to control specific multichannel transition processes.67 Investigations of electronic transition mechanisms and superexcited states are still at an early stage of development. Molecules such as hydrogen chloride, which are theoretically tractable, will continue to be the prototypical systems for investigation. This work represents part of a continuing effort to provide comprehensive spectroscopic and dynamical information on Rydberg and valence states of hydrogen and methyl halides. We are encouraged that such studies will lead to greater insights into the role of complex ionization and ion-molecule processes.
